An $4.9 kb Sau3A I genomic DNA fragment from the Streptomyces aureofaciens NRRL 2209 aiding in the biosynthesis of PHB in recombinant Escherichia coli has been sequenced and analysed for phaC gene. The putative phaC Sa gene of 2 kb is 79.1% GC rich and encodes a 63.5 kDa protein. It expressed under its own promoter and significant PHA synthase activity was detected in the recombinant E. coli. This is the first putative PHA synthase gene reported from a Streptomyces sp. with serine as the active nucleophile in the conserved lipase box. The phaC Sa was found in close proximity to a regulatory gene, which apparently regulated the phaC expression.
Introduction
Poly-b-hydroxyalkanoates (PHAs) are a class of polyesters synthesized and accumulated as cytoplasmic inclusion bodies by many a Gram positive and Gram negative bacteria [1, 2] . These polymers have been in focus of extensive research and commercial interest because of their potential use as biodegradable and biocompatible thermoplastics [3, 4] .
Physiology, biochemistry and molecular genetics of polyhydroxyalkanoates (PHAs) metabolism has been of interest for many years now. New enzymes and pathways involved in the metabolic process have been identified. The genes encoding the enzymes of the pathways have been cloned and characterized [5] .
The PHA biosynthetic genes are arranged in varied clusters in different bacteria. While in R. eutropha, these are arranged as a phaCAB Re operon, elsewhere the genes may be separated from one another [6] .
The enzyme PHA synthase catalyzes the covalent linkage between the hydroxyl group of the one and the carboxyl group of the another hydroxyalkanoic acid (HA) monomer to form the polymer poly-b-hydroxyalkanoate. Since, the cloning of the R. eutropha PHA biosynthesis operon [7] , as many as 50 different PHA synthase genes from 40 different organisms have been cloned and their primary structures deciphered [5] . These synthases vary in their given nucleotide size from 1068 bp in Ectothiorhodospora shaposhnikovii (Accession No. AF307334) to 2011 bp in Caulobacter crescentus [8] . Accordingly, the apparent molecular mass of PHA synthase varies from $40 to $73 kDa.
Among the actinomycetes, the occurrence of PHA has been reported from Streptomyces sp., Rhodococcus sp. and Nocardia sp. [9] . However, very little is known about the biosynthesis and the genes aiding in the biosynthesis of PHA in these organisms.
We had earlier reported that an $5.0 kb genomic DNA fragment from S. aureofaciens supports PHB accumulation in recombinant E. coli [9] . The present study reports upon the PHA synthase from S. aureofaciens NRRL 2209.
Materials and methods

Culture conditions
E. coli was grown on Luria Bertani medium [9] at 37°C
and Streptomyces aureofaciens NRRL2209 on MGYP medium (each liter contained: 3 gm yeast extract, 3 gm malt extract, 5 gm peptone, 10 gm glucose, pH 7.2) at 27°C. The recombinant E. coli was grown on BMG medium [9] supplemented with appropriate antibiotics. For PHB accumulation S. aureofaciens cells were grown in the production medium [9] .
DNA sequencing
An $5.0 kb Sau3A I genomic DNA fragment from S. aureofaciens was cloned in the pGEM3Z vector (Promega, USA) and designated as pSa240 [9] . This DNA fragment supported PHB synthesis and accumulation in recombinant E. coli. The DNA insert was sequenced using the EZ::TN Kan-2, Tn5 transposon insertion kit from Epicentre Technologies, USA. The kit was used to generate random overlapping sequences according to the manufacturers protocol. ABI Prism Big Dye Terminator Cycle sequencing kit (Perkin-Elmer, USA) and ABI sequencer were used for DNA sequencing. Sequences generated were aligned using Sequencher software. The sequence has been deposited with GenBank under the Accession No. AY032926.
Sequence analysis
Frame plot version 2.3.2 was used for the sequence analysis [10] . Sequence retrieval was from GenBank, NCBI, USA. Sequence alignments were performed using L-FASTA (EMBL), BLAST (NCBI) and CLU-STAL X programmes [11] .
Construction of the clones
The plasmid pGT07 [12] harboring the PHB biosynthesis operon, phaCAB Re , from R. eutropha was restriction digested with EcoR V and Kpn I to excise out the phaC gene. The 3 0 overhang generated by Kpn I digestion was made blunt with the Klenow fragment of the DNA polymerase I in absence of the dNTPÕs in the reaction system [13] . The large 6.5 kb fragment was gel purified and self-ligated using T4 DNA ligase (NEB, USA). The resulting plasmid, now harbouring the phaA and the phaB genes under the control of the phaCAB Re promoter was designated as pRC15. The genes were excised out from pRC15 as a 3.8 kb BamH I-EcoR I fragment and recloned in the pET-28a(+) vector (Novagen, USA) to yield the pRC16 plasmid.
A 2.7 kb EcoR I-Pvu II fragment from the pSa240 [9] harbouring the putative phaC gene from S. aureofaciens was cloned in the EcoR I-Hinc II sites of the pGEM-3Z vector, excised out as EcoR I-Hind III fragment and cloned in the pRC16 plasmid. The resultant construct was designated as pRC17.
The $5.0 kb fragment from pSa240 was also cloned in the EcoR I-Hind III sites of the pET-28a(+) vector and designated as pRC18. The vector pET-28a(+) was chosen for the convenience of the restriction enzyme sites only. E. coli JM109 was used as a host cell line.
Enzyme assay
The 36 h grown E. coli cell culture was centrifuged at 4°C for 10 min at 8000g. The cell pellet was suspended in 10 mM Tris-HCl pH 7.5, 10 mM b-mercaptoethanol and sonicated at 160 Hz for 5 cycles of 1 min each. The lysate was centrifuged at 4°C for 15 min at 20,000g and the supernatant used for PHA synthase activity assay after the method of Valantin and Steinbuchel [14] . The reaction system contained 100 mM Tris-HCl, pH 8.0, 0.7 mM DNTB (5,5-dithiobis-(2-nitrobenzoic acid), 3.3 lM EDTA, pH 8.0 and an aliquot of the cell free lysate. The enzyme activity was measured as increase of absorbance at 412 nm. One unit of the PHA synthase activity was defined as the change of 0.001 OD at 412 nm min À1 mg À1 protein.
Gas chromatography analysis
Gas chromatography (GC) analysis was done as described earlier [9] .
Results
The S. aureofaciens. genomic DNA insert in the plasmid pSa240 was found to be 4826 bp. The sequence was deposited with GenBank under the Accession No. AY032926. The restriction analysis of the sequence, done using pDRAW32 (Acalone Software), was found to be in conformity with the restriction endonuclease map generated earlier (Fig. 1). 
Open reading frames
ATG is the most often used translation initiation codon. However, in Streptomyces GTG is also known to be used as the translational initiation codon and the codon is read as formyl-methionine [10] . The pSa240 insert sequence revealed nine Open reading frames (ORFs) with ATG as the start codon (ORF Fig. 1) inverted repeat sequences were identified which could form stem loop structures and serve as the transcription termination signal.
ORF 13 spanning from nt 3109-nt 3588 was found in close proximity of the ORF 1. ORF 13 showed 99.37% AA sequence similarity to the regulatory proteins of S. coelicolor (AL939109 CAB70943.1) and S. avermitilis (AP005048 BAC74521.1) [17] . These regulatory proteins show 43.1% AA sequence identity to the ssgA protein of S. griseus (EMBL Accession No. D50051).
ORF 14 encoded between nt 2153 and nt 416 on the complementary DNA strand with translation initiation codon at 2153 GTG, however, had neither a RBS site nor a promoter region. It did not show sequence similarity to any of the sequences in the databanks.
Codon usage in the putative phaC Sa
The 4826 bp insert in the pSa240 plasmid had G + C content of 74.6 mol% and a strong bias towards the use of G or C in the third position of the codons. In the putative phaC Sa gene (ORF 1) this resulted in the amino acids G, A, R, P and V amounting to $76% of the total AAÕs in the translated product (Table 2 ).
An analysis of the codon usage revealed the presence of a single rare codon 1811 CTA for leucine in the putative phaC Sa gene (http://www.kazusa.or.jp/codon/). It was also observed that the GCT codon, coding for alanine, otherwise rarely used by the Streptomyces sp., was the most often used in the putative phaC gene sequence (85.3 mol%).
3.4.
Complementation and enzyme assay of the PHA synthase enzyme E. coli harboring the plasmid clones pRC15, pRC16, pRC17 and pRC18 were grown on the basal medium for 42 h and analyzed for PHB accumulation. pRC18, harbouring the $5.0 kb insert from the pSa240, served as the positive control. This clone showed 2.32 units of PHA synthase activity and accumulated 60-65% PHB of the dry cell mass. pRC15 and pRC16 which harboured the phaA and the phaB genes from R. eutropha neither showed the presence of any PHA synthase activity nor accumulate any PHB. pRC17 wherein the putative phaC gene from S. aureofaciens was cloned together with the phaA and the phaB genes from R. eutropha showed 0.4 units of PHA synthase activity and accumulated a mere 2-4% PHB of dry cell mass (Table 3) .
Discussion
The high G + C content of 79.1 mol% found in the pSa240 DNA insert was in conformity with the earlier reports [18] . ORF 1, the putative phaC gene, was cloned in the opposite orientation with respect to the lacZ promoter of the pSa240 vector and hence, was functioning under the control of one of the three promoter sequences spanning from nt 276-303, nt 384-408 (bar-p1) and nt 20-73(orf-p3). Due to the presence of a strong RBS site near 437 GTG or 440 ATG, ORF 1 may use either of these as the translation initiation codon. while 458 ATG or 461 GTG may serve as the secondary start codons [19] . This, effectively ruled out the possibility of other codons being used as the translation initiation codons.
The main criteria for considering ORF1 as the putative PHA synthase gene was the presence of the conserved lipase box 344 G-R-S-A-G-G 349 . This is the first PHA synthase to show a serine residue as the active nucleophile [5] . The complementation study and the PHA synthase enzyme assay experiments clearly indicated ORF1 to be coding for the synthase enzyme of S. aureofaciens NRRL 2209 (Table 3 ). The gross reduction in the enzyme activity of the PHA synthase in the clone harboring pRC17 from 2.32 to 0.40 U, as also the reduced accumulation of PHB by the recombinant E. coli can be attributed either to the altered spatial distance between phaAB Re genes and their promoter or the putative phaC Sa gene may require some stabilizing factor not encoded by the 2.7 kb EcoR I-Pvu II fragment from pSa240.
The extensive use of GC rich codons for AA amounting to $76% (Table 2) in the phaC Sa resulted in poor sequence similarity with other reported PHA synthase genes. Further, the presence of the single rare codon 1811 CTA for leucine and the use of the rare codon GCT (86.3 mol%) for the alanine in the phaC Sa gene might be the reasons for its low expression in S. aureofaciens.
Another interesting feature was the presence of the ORF 2 which reads in the same direction as ORF1 and from within it, but uses a different coding frame. This is rare though not an unusual feature in Streptomyces sp. wherein the down stream transcription start point is present within a large ORF that is being transcribed upstream at the same time [20] . This ORF, due to its opposite orientation with regards to the lacZ promoter and due to the lack of a proper promoter sequence immediately upstream of the translation start codon, might be using any one of the promoter sequences upstream of the ORF 1. The presence of the conserved NADPH domain in ORF 2 suggests that it may be the putative gene for acetoacetyl-CoA-reductase (phaB Sa ). However, the high GC content and its large ORF size compared to the other phaB genes rendered it to be non-similar to the sequences available in the databases.
The ORF 14 present on the complimentary DNA strand is long enough to be considered as the phaQ [7] . However, it showed no sequence similarity to the existing sequences in the data banks.
The fact that PHB is accumulated only during the 14-16 h of S. aureofaciens growth cycle [11] and the proximity of the phaC gene to the predicted regulatory protein encoded by ORF 13 suggested that the expression of the phaC Sa gene might be regulated. This observation was substantiated by constructing a series of deletion mutants of the pSa240 insert and checking these both for the PHA synthase activity and the PHB accumulation (data not shown).
Given the observations that ORF 1: (a) possesses a proper promoter region upstream of the coding region, (b) a proper RBS site upstream of the putative translation start i.e. 437 GTG or 440 GTG, (c) a conserved lipase box with an active nucleophile which formed a part of the catalytic triad, (d) a molecular mass within the accepted limits, (e) complements the phaAB Re genes for the synthesis of PHB and (f) shows PHA synthase activity, we report it to be the phaC gene coding for the PHA synthase in S. aureofaciens NRRL2209.
